Morphology of dipalmitoyl phosphatidyl choline (DPPC)-cholesterol (Chol) mixed monolayer formed on water surface by dropping method was investigated using surface tension measurement (STm), Brewster angle microscopy (BAM), and fluorescence microscopy (FM). STm showed strong condensation effect of Chol in fluidic DPPC monolayer. Excess area (S ex ) from mean mixing state of DPPC and Chol was about twice larger than that by general compression method in the range from x C = 0.2 to 0.4 (x C : mole fraction of Chol). BAM and FM images showed clearly that the fluidic DPPC monolayer changed to condensed rigid monolayer due to the condensation effect of Chol. At more than x C = 0.3 DPPC-Chol mixed monolayer changed to condensed state similar to the Chol monolayer. These results support previous reports by compression method that Chol molecule demonstrates the strong condensation effect to the fluidic monolayer and also indicate that dropping method enables to form unique monolayer on the water surface.
Introduction
Biomembranes have fundamental fluid-structures similar to "fluid mosaic model" proposed by Singer and Nicolson [1] . Biomembranes are composed of various kinds of phospholipids in which functional proteins are buried [2] . Membrane-fluidity is important for functioning of membrane such as molecular recognition, transport of nutrition and various other solutes, and construction of tertiary structures of protein [3] [4] .
Membrane lipids contain 30wt% cholesterol (Chol) and Chol is an important membrane component which controls the membrane fluidity [5] [6] . Chol gives membrane-peculiar flexibility and keeps membrane structure balance in range of large temperature [2] - [4] . Apart from membrane flexibility, Chol is responsible for various functional activities of membrane protein and cell. Therefore, Chol is one of essential component in biological phenomenon.
Lipid monolayer formed on water surface presents half the membrane and has been used as model-membrane because easy preparation and investigation [7] . Recently, we have prepared and studied monolayer formation by dropping method [8] . In dropping method, solution droplets are dropped continuously on water surface at regular time interval. We have reported using various physicochemical methods that dipalmitoyl phosphatidyl choline (DPPC) monolayer formed by dropping method maintained its fluidity and flexibility and the limiting molecular area was larger than measured by general compression method. Monolayer by dropping method would be likely to apply to various property investigations as bio-mimetic membrane [9] [10] .
In this communication, we have investigated Chol mixing-effect on fluidic DPPC monolayer formed by dropping method for various Chol mole fractions using surface tension measurement (STm), Brewster angle microscopy (BAM), and fluorescence microscopy (FM). We have also discussed the "condensation effect" of Chol where Chol attracted monolayer molecules of DPPC and made monolayer rigid.
Experimental

Materials
Dipalmitoyl phosphatidyl choline (DPPC, purity: >99%) and Cholesterol (Chol, purity: >99%) were purchased from Avanti polar lipids Inc. (Alabama, USA) and SigmaAldrich Corp. (St. Louis, USA), respectively and were used without further purification.
Purified water with conductance of less than 0.06 μS/cm was obtained using a Super Water Purifying System (WL-21P; Yamato Scientific Corp. Ltd., Tokyo, Japan).
Monolayer Formation
DPPC and Chol of respective amount were dissolved in chloroform (purity: 99%, Wako Pure Chem. Ind. Ltd., Osaka, Japan) to prepare lipid solutions for monolayer preparation. Solution of lipids in chloroform was spread on a purified water surface with a 100 μl microsyringe (Ge-0583-04; Hamilton Corp., Nevada, USA) to prepare monolayer.
The details of the method of monolayer formation have been reported in earlier publi-cation [8] . 1 μl drop of lipids in chloroform solution was dropped gently on the water surface and next was dropped after >1 min so that previous droplet expanded on the water surface. The expanding process was also confirmed that the value of surface tension (Section 2-3) became constant after each dropping. This action was repeated until mixed monolayer was formed, and the formation was confirmed that the formation of lenses was observed on the water surface and the value of surface tension (Section 2-3) did not change.
Surface Tension Measurement (STm)
STm for mixed monolayers was carried out on a Surface Tensiometer (CBVP-A3; Kyowa Interface Science Corp. Ltd., Saitama, Japan) with a platinum Welhelmy plate.
Surface pressure (SP) of each monolayer was recorded as a function of the dropping volume (molecule numbers) at 26˚C ± 1˚C.
Brewster Angle Microscopy (BAM)
BAM for visualizing the morphologies of each mixed monolayer was carried out on a BAM microscope (EMM633K; Filgen Inc., Nagoya, Japan) attached with a USB-CAP type (SD-USB2CUP3; AREA Co. Ltd., Tokyo, Japan) imaging analysis software. The lateral resolution of BAM was about 1 μm. P-polarized light of 632.8 nm wavelength from a 10 mW He-Ne laser was irradiated at the Brewster angle of 53.1˚ on each mixed monolayer surface. The reflected light was magnified with a 40 mm focal length lens and detected by a CCD camera (C5948-70; Hamamatsu Photonics, Hamamatsu, Japan).
The formation process of each mixed monolayer was observed on real-time at 26˚C ± 1˚C.
Fluorescence Microscopy (FM)
FM for visualizing the morphologies of each mixed monolayer was carried out on a total internal reflection fluorescence (TIRF) microscope (TE2000-U; Nikon Co., Tokyo, Japan) at room temperature. FM microscope was equipped with an oil immersion objective lens (Plan Apo 100×H, numerical aperture = 1.45; Nikon Co., Tokyo, Japan), a 575 nm dichroic mirror, a set of barrier filters (590 nm long pass and 765 -855 nm band pass filters), a laser with λ = 532 nm (CL532-025-L, 25 mW; Crystallizer, Reno, USA), a cooled CCD camera (ORCA-ER; Hamamatsu Photonics, Hamamatsu, Japan), and AQUA-COSMOS imaging analysis software. The lateral resolution of FM was about 0.1 μm.
The details of sample preparation for FM have been reported in earlier publication [8] . Fluorescent probe of rhodamine-dimiyrstoyl phosphoethanolamine (Rh-DMPE, Avanti Polar Lipids Inc., Alabama, USA) was incorporated at 0.1 mol% in the mixtures-chloroform solution. After a monolayer was formed on the water surface at 26˚C ± 1˚C, a cover glass sunk previously in the water phase was scooped horizontally from under the monolayer using scooping-up method [11] . The sample preparation of each monolayer for FM observation was done separately. that by compression method. Therefore a "semi-expanded state" type DPPC monolayer was formed on water surface and it has a "fluid structure" that the hydrophilic group of DPPC molecules (phosphatidyl choline group) and water molecules structure themselves in the most comfortable hydrogen-bonding network (hydrophilic interaction).
Results and Discussion
Surface Tension Measurement (STM)
We defined this state as "semi Liquid-Condensed (semi-LC) phase" reported previously [8] . by dropping method will be described in cholesterol monolayer curve.
The mean limiting molecular area of a DPPC-Chol mixed monolayer in this study
can be compared to that of the ideal mixed monolayer which is calculated from each A 0 of pure DPPC and Chol monolayer to obtain the excess area S ex [14] [15] by using the following equation:
where S DC is the mean limiting molecular area of the mixed monolayer, S D and S C the limiting molecular areas of pure DPPC and Chol, respectively. x D and x C are the mole fractions of the DPPC and Chol components. Figure 2 shows Chol mole fraction dependence of S ex . We also showed typical Chol mole fraction dependences of S ex of previously reported data obtained by compression method, which those data were re-calculated by our calculation method, based on the reported π-A isotherm curves [12] [13]. The shape of S ex vs. Chol mole fraction plot was similar to that of previous data.
Therefore, the addition of Chol in the DPPC monolayer showed the negative deviation. This result indicates again that Chol molecules have the condensation effect to DPPC monolayer [16] [17]. S ex value obtained in our experiment was about twice larger than that of previously reported data in x C range from 0.2 to 0.4, despite that our S ex of x C = 0.1 and more than 0.5 coincided almost with the previous data. As mentioned above, our DPPC monolayer formed by dropping method has fluidity-rich structure where hydrophilic interaction between phosphatidyl choline groups and water molecules are more than hydrophobic alkyl chains interaction. This state is different from that by compression method where the hydrophobic interactions are dominant to the formation of the monolayer because of the action of artificial force. The condensation effect of Chol on more fluidic DPPC monolayer, prepared in our laboratory [8] , is stronger than previous data. Hydrophobic Chol molecules strongly attract weakly interacted alkyl chains in DPPC molecules. In other words, the existence of Figure 2 . Excess mean limiting molecular area S ex of DPPC-Chol mixed monolayers on the air/water interface, including typical data of Ohe et al. [12] and Kim et al. [13] . large S ex by the addition of Chol indicates that fluidity-rich pure DPPC monolayer was formed on the water surface by dropping method. Images of pure DPPC monolayer ((a)-(d) in Figure 3 ) resembled with previously reported experiments [8] . We briefly describe the essential points below. Before the SP of a transition (≤8 mN/m, (a) and (b)), BAM image gradually became bright with increase in SP (dropping volume); the monolayer was beginning to form on the water surface. At the transition of 12 mN/m (c), the image showed the coexistence state that has hole-type dark parts in whole bright domain (spot-type pattern). This state was contrary to that by compression method and indicates that the hydrophilic monolayer which is easy to match water molecules is formed over the whole water surface. At high SP (42 mN/m, (d)), the image showed homogeneous bright state. This unique formation process different to that by compression method indicates that fluidic DPPC monolayer was formed by dropping method. The result corresponded to that observed by STm (Figure 1 ). cules would promote the condensation of the mixed monolayer (transition) at low SP. The transition at low SP is also supported by the result of STm (Figure 2) where the condensation rate has larger values than that by compression method [12] [13] . At 11 mN/m, the spot-type pattern obtained at 4 mN/m ((f)) disappeared, and subsequently the image became homogeneously bright ((g)). Because the transition of the mixed monolayer occurred at earlier SP of 4 mN/m by Chol molecules, the condensed monolayer was formed on the water surface. A further increase in SP (43 mN/m) showed a further homogeneous image ((h)); the formation of homogeneous mixed monolayer. The brightness of image (h) was somewhat darker than that of pure DPPC monolayer ((d)). It may be concerned to the film-thickness and refractive index between both monolayers. The mixing of Chol would thin the mean monolayer thickness of mixed monolayer compared to the pure DPPC monolayer and surface roughness also becomes larger, consequently a change in the refractive index. This interpretation would be supported from the result that the brightness of pure Chol image ((p)) was darker than (h).
Brewster Angle Microscopy (BAM)
On the DPPC-Chol mixed monolayer of x C = 0.3 ((i)-(l) in Figure 3 ), these images were quite different from those of x C = 0.0 and 0.2. At quite a low SP of 1 mN/m, the image showed line-and circle-type domain state ((i)), suggesting that aggregate of DPPC and Chol molecules was appeared on the water surface. According to an increase in SP (4 and 11 mN/m), a number of domain appeared in the 1 mN/m increased and the domain was also enlarging gradually ((j), (k)). The image also became bright compared to (i). At 42 mN/m, the domain obtained at 11 mN/m disappeared, and subsequently the image showed homogeneous state ((l)). The brightness of image (l) was also similar to that of x C = 0.2 ((h)); the homogeneous mixed monolayer was formed on the water surface. These images ((i)-(l)) are similar to the monolayer formation process of such as stearic acid [18] and the following Chol ((m)-(p) in Figure 3) , which forms the condensed monolayer on the water surface. Therefore, at x C = 0.3, a condensed monolayer was formed on the water surface from the initial stage of the monolayer formation. These are supported by the result of STm (Figure 1 and Figure 2 ), which the π-A curve was similar to the Chol-like shape (not phase-transition) and the condensation rate showed maximum value at x C = 0.3.
On pure Chol monolayer, we obtained typical images that observed in the case of condensed monolayer [18] - [20] . At quite a low SP of 1 mN/m, the image showed lineand circle-type domain state ((m)), as well as x C = 0.3 ((I) in Figure 3 ). This indicates that aggregate of Chol molecules exists on water surface. According to an increase in SP [20] and different from the case of pure DPPC monolayer, which the process by dropping method was different from that by compression method. In the case of condensable molecule itself such as Chol, the condensed monolayer would be formed on the water surface, even if using either dropping or compression method. In other words, both two methods would show the similar monolayer formation process as to the condensable molecule. Figure 4 shows typical FM images on pure DPPC and DPPC-Chol mixed monolayers of x C = 0.2. Images (a)-(d) were pure DPPC monolayer (x C = 0.0) [8] . (e)-(h) were DPPC-Chol mixed monolayer of x C = 0.2. FM observation was performed on each monolayer at four SPs of the monolayer as well as BAM, and also limited to the above two monolayers that the unique monolayer formation process using dropping method was observed by BAM.
Fluorescence Microscopy (FM)
In our previous publication, we performed FM observation of pure DPPC monolayer by dropping method and details were reported elsewhere [8] . We briefly describe the essential points. Before the SP of a transition (<8 mN/m, (a) and (b)), the FM image showed gradual brightness with increase in SP, however, a few dot-type defects (black spots) were observed. Homogenous monolayer was formed on the water surface. This state was LE-phase. At the transition of 12 mN/m ((c)), the image showed the coexistence state that has hole-type dark parts in whole bright domain (spot-type pattern), as well as BAM ((c) in Figure 3) . From the analysis of fluorescence intensity profile (not shown), the intensity of dark parts coincided with that of gray parts in (b); those parts were LE-phase and bright domain was defined semi-LC phase. As mentioned Section 3-2, this state was contrary to that by compression method. At high SP (42 mN/m, (d)), the dark parts obtained in (c) disappeared, and subsequently the image became homogeneous bright. The intensity of bright parts coincided with that of bright parts in (c); homogenous semi-LC phase monolayer was formed on the water surface. The unique monolayer formation process of DPPC monolayer using dropping method was observed clearly by the FM.
On the DPPC-Chol mixed monolayer of x C = 0.2 ((e)-(h) in Figure 4 ), the condensation effect of Chol revealed in the FM image, clearer than BAM ((e)-(h) in Figure 3 ). At quite a low SP of 1 mN/m, the image showed bright state ((e)) compared to that of pure DPPC monolayer of 1 mN/m ((a)) and the irregular spot-type pattern begun to reveal partially in the image. This pattern could not be detected in the BAM image ((e) in Figure 3 ) because of the low resolution of BAM. Therefore, the aggregate of DPPC molecules by Chol already occurred at SP of 1 mN/m. At 4 mN/m, the image showed clear spot-type pattern ((f)), which an indistinct image was observed at BAM ((f) in Figure 3 ). The size of dark spot was smaller than that of pure DPPC monolayer at 12 mN/m. On the pure DPPC monolayer, hydrophilic monolayer is formed on the whole water surface because of easy interaction between phosphatidyl choline (hydrophilic) group of DPPC molecules and water molecules. An increase in hydrophobic interaction by the mixing of Chol weakened relatively the hydrophilic interaction, and thereby "hard-to-expand" DPPC-Chol mixture would assemble each other and form the mixed monolayer on the water surface. This corresponds to a decrease in size of dark spot, therefore, the formation of condensed monolayer, compared to the pure DPPC monolayer ((c)). Actually, it was observed that several island-type aggregates existed in the dark spots ((f)). This state is similar to the transition state by compression method [21] .
At 11 mN/m, the spot-type pattern obtained at 4 mN/m ((f)) disappeared, and the image became homogeneous bright ((g)). The intensity of bright parts coincided with that of bright parts in (f). Moreover, a further increase in SP (43 mN/m) showed a further homogeneous image ((h)) and the intensity almost coincided with that of (g). Therefore, the homogeneous mixed monolayer was formed on the water surface, at SP more than 11 mN/m.
Conclusion
In this study, we investigated the condensation effect of Chol to a DPPC monolayer formed by dropping method. The π-A isotherm curves of various DPPC-Chol mixed monolayer showed the strong condensation effect of Chol to the fluidic DPPC monolayer and especially in the range of Chol mole fraction from x C = 0.2 to 0.4. The excess area S ex was about twice larger than that by compression method. The BAM and FM images showed clearly that the DPPC monolayer by dropping method has a biomembrane-like fluidic structure and is also affected strongly by the condensation effect of Chol. More than x C = 0.3, DPPC-Chol mixed monolayer showed condensed state similar to the Chol monolayer, and supported the result of π-A isotherm curves. It is also found that the characteristics of monolayer molecules, such as those molecules are themselves interactively or not, comfortable with water molecules or not, sensitively respond to the difference of monolayer formation methods. A detailed understanding of these factors requires further systematic studies, using various surfactants forming the monolayer on the water surface.
